Introduction {#Sec1}
============

Somatosensory perception plays a central role in the early stages of human development. Among all sensory systems, the tactile sense develops earliest, and somatosensory responses can be detected *in utero* as early as 8 weeks gestational age (Montagu [@CR54]), with cortical responses showing measurable maturation during the preterm-term period (Pihko and Lauronen [@CR65]). Neonates immediately make use of perioral tactile input that elicits rooting and sucking reflexes for nursing (Muir [@CR57]). Throughout infancy and early childhood, the sense of touch provides important information and feedback about the child and its world, influencing the development of motor, social, and communication skills.

The development of both gross and fine motor skills depends heavily on the somatosensory system. Infants initially depend on touch cues to initiate reaching for objects, and later use vision as well (Corbetta and Snap-Childs [@CR18]). Accurate tactile and proprioceptive sensation is critical for the development of motor skills during childhood, with somasthetic touch being particularly important for fine motor development (Cauller [@CR13]) during the preschool years (Case-Smith [@CR11]). Tactile feedback from mechanoreceptors in the skin and joints critically guides the online modulation of gross motor functions such as walking (Metcalfe et al. [@CR52]), and fine motor functions such as grasping (Soechting and Flanders [@CR78]), during early development and throughout the lifespan.

Although the role of somatosensory input for motor development is well established and transparent, touch is also critical for healthy social and communication skills in early childhood and beyond. Somatosensory input from maternal contact during feeding and ventral-ventral contact contributes to an ongoing association of caregivers with comfort and nourishment, facilitating the infant's adaptation to its novel environment (Porter [@CR66]). This tactile associative learning is critical for the establishment of bonding and secure attachment (Main and Stadtman [@CR50]; Myers [@CR58]; Weiss et al. [@CR88]), which lay the foundation for the development of healthy social behaviors throughout the lifespan. In many cultures, extensive tactile contact with parents and older siblings is a means of establishing a secure base from which young children venture to explore their environment (Sorensen [@CR79]).

During the significant period of time prior to the acquisition of verbal language, touch is a primary mode of communication between babies and caregivers (Montagu [@CR54]). Touching behaviors in mothers communicate reassurance (Jean and Stack [@CR41]), affection, and can be used to direct attention (Ferber et al. [@CR26]). Higher levels of affectionate maternal touch in infancy result in increased infant smiling and vocalization (Stack and Muir [@CR80]), and frequency of maternal touch is associated with mother-infant reciprocity and the coordinated timing of interactions between mother and infant (Ferber et al. [@CR26]). These reciprocal rhythms of interaction learned in infancy lay the foundation for social communication later in life. Infants also use touch to communicate distress (Moszkowski et al. [@CR55]) and basic needs. Thus, tactile communication serves as a precursor (Dunbar [@CR25]) to verbal communication, and the patterns formed during this period impact the development of more sophisticated communication skills as well as a framework for interaction with family and community. Even in adults, tactile input can enhance perception of auditory and visual speech (Gick et al. [@CR32]), and is a primary means of nonverbal communication.

While the direct use of interpersonal touch is an important nonverbal communication method, other nonverbal communication skills such as gestures and facial expression are also dependent on the somatosensory system, via proprioceptive feedback from the hands and arms, as well as stretch receptors in facial skin and muscles. These skills are critical for the development of more subtle communication during the lifespan.

Hertenstein and colleagues ([@CR38]) point out that, in addition to the ontogenetic primacy of touch for social communication in early development, touch also has phylogenetic primacy for communication. In the evolutionary history of primate species, nonverbal communication, such as tactile interactions during grooming behaviors, preceded verbal communication. Dunbar ([@CR25]) suggests that only as hominids evolved to form larger groups and forage in larger territories did the need for a distal modality of communication emerge, selecting for the vocalizations that led to verbal communication. Thus, the human tactile sense has, at its evolutionary roots, a central role for communication, and is the precursor to verbal communication.

Neurodevelopmental disorders (NDDs) comprise a broad range of conditions that emerge in childhood and for which known or presumed aberrations in nervous system function give rise to behavioral, social, emotional, motor, or cognitive differences. As reviewed above, touch plays a prominent role in each of these areas, especially during the early stages of their development. This review will focus on a subset of NDDs for which there is a primary area of impairment in one or more of these areas, and for which there is substantial converging data on somatosensory processing from behavioral, psychophysical, and neurobiological approaches. NDDs chosen for inclusion in this review also represent a range of etiologies, from a known mutation on a single gene (Fragile X syndrome), to disorders with polygenetic or unknown genetic origins (ADHD and ASD), to disorders arising primarily from perinatal or early environmental insult (CP and early sensory deprivation). Behavioral activity level and attention is affected in attention deficit-hyperactivity disorder (ADHD), and several studies have explored somatosensory processing in this group. Children with autism spectrum disorders (ASD) suffer from impaired social and communication skills, and sensory processing difficulties, including tactile defensiveness, are a common associated feature. In contrast to these genetically complex, behaviorally defined disorders, Fragile X syndrome arises from a mutation of the gene that codes for the FMR1 protein, which has a key role in early brain development. Symptoms of Fragile X include mild intellectual disability, low muscle tone, hyperactivity, and hypersensitivity to sensory stimuli. There is also some overlap between symptoms of ASD and Fragile X. Cerebral palsy (CP) is a group of non-progressive disorders primarily affecting motor development that arises from insult or injury in the prenatal or perinatal environment. The motor deficits seen in CP are primarily abnormalities in muscle tone, and are associated with widespread differences in somatosensory perception as well (Clayton et al. [@CR16]).

Similarly, early environmental conditions that are isolating or impoverished result in profound developmental problems in behavior, emotion, cognition, and sensory perception. While not a separate diagnostic classification, children for whom this applies do have severely disordered neural development and provide an illustrative example of the importance of somatosensory input early in development, and will be discussed in the conclusion of this review.

The neural substrates of touch perception are among the most carefully studied and thoroughly understood systems in the brain, as well as among the earliest to develop. Yet, in the investigation of NDDs, tactile processing is often overlooked as a variable of interest in favor of far more complex cognitive, verbal communication and social abilities, most of which fully develop long after the window in which brain changes are known to give rise to NDDs. Thus, a review of the existing literature examining tactile processing in NDDs is important to summarize our knowledge of the role of touch in NDDs, and to serve as a springboard for further investigation of this important but neglected area. Somatosensory processing in NDDs has been studied using behavioral measures such as observational assessment and parental report, classical psychophysical methods to determine thresholds, neuroanatomical/neurophysiological methods including somatosensory evoked potentials (SEP) and magnetic resonance imaging (MRI) techniques, and animal models.

Behavioral measures of somatosensory processing {#Sec2}
===============================================

Clinicians, behaviorists, and developmental psychologists have pursued the characterization of tactile responsiveness in NDDs, employing direct observational assessment and parent questionnaires as techniques. Among other sensory symptoms, tactile defensiveness is a very common associated feature of ASD and Fragile X syndrome. Tactile defensiveness is defined as a hyperreactive and/or aversive response to tactile stimuli that most people would consider innocuous, such as light touch or clothing texture. Tactile defensiveness may also be at the root of idiosyncratic eating habits, as the texture or mouth-feel of many foods are perceived as aversive (Harris [@CR37]; Field et al. [@CR28]). Evidence from parent questionnaires suggests that tactile defensiveness is more common in Fragile X syndrome and ASD than in typical development (Tomchek and Dunn [@CR82]), with rates slightly higher in Fragile X syndrome (Baranek et al. [@CR4]; Rogers et al. [@CR70]). The relation between tactile defensiveness and the full complement of core features of either disorder remains unclear, but tactile defensiveness is significantly associated with certain kinds of rigid and stereotyped behaviors in ASD and other developmental disabilities (Baranek et al. [@CR3]). In ADHD, sensory hypersensitivities are associated with level of hyperactivity (Yochman et al. [@CR93]), and tactile defensiveness specifically may relate to genetic susceptibility for ADHD (Scherder et al. [@CR75]) and comorbid anxiety (Reynolds and Lane [@CR68]) and behavior problems (Ghanizadeh [@CR31]). Tactile defensiveness also appears to interact with gender in this population, as Bröring et al. ([@CR6]) found that girls with ADHD tended to show higher levels of tactile defensiveness than boys with ADHD. Sleep and behavior problems in typically developing children are significantly associated with tactile hypersensitivity (Shochat et al. [@CR77]).

Unusual responses to tactile stimulation in NDDs are not limited to tactile defensiveness. While tactile defensiveness is associated with aversive reactions, tactile "seeking" behaviors result when typically neutral tactile stimuli are perceived as highly pleasurable. Tactile seeking is common in ASD and can manifest as repetitive rubbing of certain textures or surfaces, or an affinity for deep pressure input such as intense hugging or squeezing (see Grandin [@CR33]). Experimental studies also provide evidence of pleasurable responses to specific tactile stimuli (Pernon et al. [@CR64]). Children with CP tend to seek out hard versus soft objects, which may be a manifestation of sensory seeking resulting from decreased somatosensory awareness (Curry and Exner [@CR20]).

Psychophysical measures somatosensory processing {#Sec3}
================================================

It might appear obvious that individuals who show tactile defensiveness, such as children with ADHD, Fragile X, and ASD, have heightened perceptual ability that would translate into increased performance in basic psychophysical sensory threshold measurements. Threshold testing depends on systematic stimulus-response paradigms to determine the smallest amount of signal (such as the smallest amplitude of a vibration, or the smallest difference in temperature) that is reliably perceptible by the individual. However, Parush et al. ([@CR62]) tested a sample of children with ADHD with tactile defensiveness and found that their tactile thresholds were normal, suggesting that tactile defensiveness may represent more of a cognitive or affective aberration than a sensory one in this sample.

In contrast, enhanced basic sensory perception in people with ASD has been supported by several studies (reviewed in Mottron et al. [@CR56]), and has been noted in the tactile system specifically (O'Riordan and Passetti [@CR61]; Blakemore et al. [@CR5]; Cascio et al. [@CR10]). Blakemore and colleagues found that adults with Asperger syndrome had heightened sensitivity to certain frequencies of vibration. A subsequent study failed to replicate high frequency vibrotactile threshold differences at the fingertip in children with ASD (Güçlü et al. [@CR35]), but was limited by a small sample size, which may have reduced power to detect group differences if present. The authors of this study did, however, note significant correlations between tactile and affective items on parent questionnaires, suggesting that aberrant responses to tactile stimulation may arise from cognitive and emotional mechanisms, rather than from differences in physiological response of the somatosensory system.

The possibility that tactile defensiveness in ASD is at least partially modulated by affective neural systems of touch as opposed to discriminative touch pathways is supported by a study from Cascio and colleagues ([@CR10]) in which adults with autism were tested on a variety of psychophysical tasks, including vibrotactile detection, light touch detection, thermal pain thresholds, and texture pleasantness estimations. In this study, both the palmar surface and the dorsal forearm were tested. In addition to extending tactile psychophysics beyond the fingertip, an advantage of testing the forearm site is its innervation by a class of peripheral afferents known as C-touch afferents, which are believed to constitute a unique system for conveying affective touch signals (Liu et al. [@CR48]; Löken et al. [@CR49]; McGlone et al. [@CR51]; Olausson et al. [@CR59]), and which do not innervate the palmar surface of the hand (Vallbo et al. [@CR86]). Group differences that were specific to the forearm and greater sensitivity for painful thermal stimuli (with normal thresholds for innocuous thermal stimuli) suggest a particular abnormality in affective touch systems. While psychophysical studies of discriminative touch processing in ASD have yielded mixed results, the emotional aspects of touch are more consistently affected in ASD (Cascio et al. [@CR10]; Güçlü et al. [@CR35]). Given the importance of affective touch in early social development, an important future direction for the field is the comparison of affective touch perception in ASD and other NDDs that do not directly impact social functioning.

There are ubiquitous reports of impaired discriminative tactile abilities in CP (see Clayton et al. ([@CR16]) for a comprehensive review), and these impairments are closely associated with motor difficulties (van Heest et al. [@CR87]). Wingert et al. ([@CR92]) found texture perception to be impaired in a CP sample relative to controls. Impaired stereognosis (shape perception) has been replicated many times (Cooper et al. [@CR17]; Van Heest et al. [@CR87]; Wingert et al. [@CR92]), although this skill is likely to be particularly affected by motor impairments in manipulating objects (Kunesch et al. [@CR45]; Dahlin et al. [@CR21]). Also impaired is finer-grained tactile spatial discrimination (Van Heest et al. [@CR87]; Lesny et al. [@CR46]; Sanger and Kukke [@CR71]). The magnitude of these deficits is substantial in light of the relatively mildly affected motor abilities of some of the children in these samples (Wingert et al. [@CR92]), and the scope of sensory impairment suggests that somatosensory processing impairments have significant functional relevance for motor deficits in CP.

Neuroanatomical and neurophysiological measures of somatosensory processing {#Sec4}
===========================================================================

While classical psychophysical approaches such as detection threshold measurement may point to potential neural mechanisms for somatosensory deficits in NDDs, they may not effectively separate peripheral from cortical mechanisms, or give much information about neurophysiological mechanisms or neuroanatomical loci of differences. Prominent cortical models of ASD have informed less traditional psychophysical studies of somatosensory processing in this disorder. Tommerdahl et al. ([@CR84]) tested adults with autism on a paradigm in which vibrotactile localization is improved by exposure to a previous adapting stimulus, which tunes subsequent signals via GABA-mediated inhibition of neighboring cortical minicolumns. Adults with ASD exhibited the increased sensitivity in baseline performance that would be predicted by other studies demonstrating enhanced tactile perception. However, they did not exhibit the improvement in the presence of the adapting stimulus that the control group did, suggesting that cortical inhibitory mechanisms may not function normally. Further evidence for aberrant cortical processing comes from abnormal somatosensory evoked potentials (Miyazaki et al. [@CR53]) and a magnetoencephalography (MEG) study of somatosensory cortex in autism, Coskun et al. ([@CR19]) demonstrated unusual organization of somatotopic maps representing the body surface in the brain.

The picture of the neural basis of altered somatosensory processing in ASD is a complex one that will require considerable additional study. The co-occurrence of tactile hyperresponsiveness/defensiveness and hyporesponsiveness/seeking presents a challenge to experimental design. Current evidence suggests that emotional touch is more affected than discriminative touch, and differences in discriminative ability tend to fall on the side of enhanced perception in ASD. There is also burgeoning evidence that organization of somatosensory cortex is aberrant in this group of NDDs.

Brain responses of children with ADHD to somatosensory stimuli are also unusual, reflecting behavioral evidence of their differences in tactile perception. Children with ADHD and tactile defensiveness exhibit significantly larger somatosensory evoked potential (SEP) amplitudes over central electrodes than either controls or ADHD children without tactile defensiveness (Parush et al. [@CR63]). Primary and secondary somatosensory cortical responses to electrical stimulation of the median nerve were measured with MEG from adults with ADHD by Dockstader and colleagues ([@CR23]). They found altered patterns of synchronization and desynchronization in the ADHD group. Using a similar paradigm, this group investigated cortical oscillations in response to unpredictable median nerve stimulation (Dockstader et al. [@CR24]). These rhythms are believed to represent a mechanism for linking perception and action, an ability that may be compromised in ADHD. The result of this study was that the ADHD group showed lower oscillatory activity relative to controls, suggesting a deficit in the perception-to-action system. Finally, a structural brain study using voxel-based morphometry conducted by Carmona et al. ([@CR8]) demonstrated reduced gray matter in a variety of brain regions including somatosensory cortex in ADHD. The centrality of tactile perception for motor planning and the role of affective touch in arousal levels may be important in understanding tactile dysfunction in ADHD.

Neural studies of somatosensory processing in CP have provided insight into the physiological basis for these sensory differences. Kulak et al. ([@CR44]) noted altered SEPs in a CP group in response to somatosensory stimulation. Tomita and colleagues ([@CR83]) noted that the amplitude and topographic distribution of SEPs varies across subtypes of CP, which may reflect differential involvement of various sensorimotor systems. Investigation of sensory thalamocortical pathways by Hoon et al. ([@CR40]) using diffusion tensor imaging (DTI) demonstrated significant relationships between tactile thresholds and periventricular white matter injury that precipitated CP, a significant finding in light of the traditional understanding that motor, not sensory tracts, are the primary site of damage in CP (Wilke and Staudt [@CR90]). These results highlight the inextricable link between somatosensory and motor systems.

Animal models of somatosensory processing {#Sec5}
=========================================

In the pursuit of biological mechanisms of impairments in NDDs, animal models provide invaluable information that allow a closer look into the molecular and genetic processes that underlie symptoms, including impaired somatosensory processing.

Because it is associated with a predictable mutation on a single gene, animal models of Fragile X have been useful in understanding more about the neurobiology of the disorder. In strains of mice that are missing the FMR1 gene, profound effects are seen in the organization of somatosensory cortex. FMR1 has a role in the development of sensory cortical circuits (Bureau et al. [@CR7]) which may be manifested by FMRP's control of GABA-releasing interneurons (Selby et al. [@CR76]) that are intrinsic to the functioning of cortical circuits, or by its role in the normal maturation of dendritic spines in somatosensory cortex (Galvez et al. [@CR30]; Galvez and Greenough [@CR29]; Greenough et al. [@CR34]). Compensatory modulation of environmental sensory exposure can rescue both cortical and behavioral effects in mice with the Fragile X mutation. Interestingly, this has been achieved both with deprivation (Bureau et al. [@CR7]) and enrichment (Restivo et al. [@CR67]) of the sensory environment.

Animal models also allow the experimental investigation of touch deprivation in early development. Tactile deprivation in infant rats results in impaired active touch discriminative abilities (Carvell and Simons [@CR9]) similar to its effect in humans (Cermak and Daunhauer [@CR14]; Lin et al. [@CR47]). As in humans, however, the effects of reduced contact early in infancy in animal models extend well beyond sensory abilities (Harlow and Harlow [@CR36]; Cermak and Groza [@CR15]). Lack of tactile maternal contact (experimentally isolated from possible confounding variables such as deprivation of nourishment or heat) results in reduced levels of essential growth hormone gene expression (Schanberg et al. [@CR74]). Main and Stadtman ([@CR50]) found that lack of ventral-ventral contact early in infancy is associated with repetitive behaviors such as echolalia and stereotypies. The animal literature is replete with studies linking abnormal or absent early maternal touch to decreased cognitive abilities, novelty exploration, and attachment (Hertenstein et al. [@CR38]).

These studies from the animal literature have prompted exploration of touch-based intervention for isolated premature human infants with dramatic success (Schanberg and Field [@CR73]; Kuhn and Schanberg [@CR43]). A meta-analysis of studies of infant massage efficacy suggests that interactions between mother and infant are significantly improved by regular touch (Underdown et al. [@CR85]) and additional touch has been demonstrated to improve developmental outcomes in institutionalized infants (Casler [@CR12]). These studies emphasize the important role of touch in early development, and suggest that therapeutic approaches incorporating touch should continue to be used and developed in the treatment of premature infants.

Use of touch in therapeutic interventions {#Sec6}
=========================================

Therapeutic touch interventions such as those described above have been demonstrated to be highly effective in improving outcomes for very premature infants or infants with other perinatal obstacles to development. In older children, sensory-based interventions have become a prominent clinical focus for a variety of NDDs. Sensory integration therapy (SIT) addresses hypo- or hyperresponsiveness to sensory input using child-directed, one-on-one play between the therapist and the child, and is used frequently for children with ASD and disorders of scholastic skill acquisition. SIT typically involves a combination of sensory stimulation and movement, or a sensory stimulus to which the child is asked to respond. The therapist guides the child through a series of activities incorporating these elements in a way that is simultaneously challenging and fun (Ayres [@CR1]). A theoretical developmental hierarchy for sensory systems provides the framework for SIT. In this schema, sensory, cognitive, and behavioral systems are represented as a pyramid, the base of which comprises the tactile, vestibular and proprioceptive systems. Distal senses such as vision and audition build upon this level, and more complex sensorimotor, behavioral, and cognitive functions represent the highest levels of this hierarchy (Williams and Shellenberger [@CR91]). Thus tactile, proprioceptive, and vestibular sensation (i.e., proximal senses) are considered critical prerequisites for the proper development and integration of other senses as they are earliest to develop and provide a physical framework of the child's body in space and its boundaries upon which more distal senses such as vision and audition, and later more complex cognitive and behavioral skills, build. There have been conflicting reports as to the efficacy of SIT in various NDD populations (Hoehn and Baumeister [@CR39]; Dawson and Watling [@CR22]; Baranek [@CR2]; Roberts et al. [@CR69]), although there is a consensus that the approach is under-studied and more extensive and rigorous research is needed (Baranek [@CR2]; Schaaf and Miller [@CR72]).

Other therapeutic approaches that target the tactile system specifically include repetitive brushing of the skin and the use of deep pressure stimulation with weighted vests. Weighted vests are posited to improve attention (Fertel-Daly et al. [@CR27]) and hyperactivity, possibly by modulating arousal levels. Olson and Moulton ([@CR60]) collected reports from practitioners using weighted vests, and found that therapists did endorse improvements in attention, although a self-selecting response bias in this approach was acknowledged. A review conducted by Stephenson and Carter ([@CR81]) found little empirical evidence for the efficacy of weighted vests.

A more controversial approach is the Wilbarger protocol, an intensive home treatment program in which deep pressure massage using a brush and gentle joint compression are administered by parents several times a day, often prescribed as part of a "sensory diet" (Wilbarger and Wilbarger [@CR89]) to ameliorate sensory defensiveness and enhance attention. Enthusiastic anecdotal evidence suggests efficacy in these areas, but very little empirical research has been conducted. Kimball and colleagues ([@CR42]) measured salivary cortisol levels in a small group of four children before and after several administrations of the protocol, and found that levels changed significantly between pre- and post-test measurements. Although preliminary, this study provides the first experimental evidence that deep pressure stimulation affects arousal levels in these children.

The scarcity of empirical research for these popular therapeutic approaches targeting the somatosensory system illustrates the importance of collaborative, translational research. Basic scientists with expertise in characterizing neural and physiological responses and training in experimental design must join forces with clinicians and educators with expertise in behavior and real-life applications to effectively support these approaches with a rigorous evidence base, or to inform changes and improvements to current therapeutic techniques.

Conclusions {#Sec7}
===========

The studies included in this review reflect the central role of tactile processing in the development of social, communicative, and motor behavior. Disorders that affect neural development are associated with impairments in somatosensory discriminative abilities and affective responses to tactile stimulation, as measured by parent report, clinical observation, and psychophysical experiments. The neural mechanisms underlying these differences require further study, and may differ across NDDs, reflecting the different roles of tactile perception in motor control, social behavior, and autonomic arousal. Possible contributing systems include peripheral afferent pathology, particularly of the C-touch class of afferents, thalamocortical gating mechanisms that affect the propagation and modulation of tactile information to the cortex, cortical structural patterns such as columnar organization and GABA-mediated lateral inhibition, intracortical oscillatory patterns, and top-down modulation of sensory cortical responses by prefrontal or other areas of cortex devoted to cognitive control.

NDDs that have historically been attributed solely to motor system dysregulation, such as CP, are now being re-examined and the importance of the somatosensory system has become clear. The lack of tactile input for neonates has profound negative consequences, not just for sensory processing, but also for development more generally. These effects can be ameliorated by therapeutic tactile input for infants such as massage and kangaroo care. Especially for NDDs of complex or unknown genetic origin such as ADHD and ASD, tactile-centered therapeutic approaches in older children may be effective in modulating arousal, attention, and sensory defensiveness, but there is a pressing need for translational research both on the efficacy of these approaches and their mechanistic rationales.
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